ABSTRACT 02 consumption by the desiccation-tolerant moss Tortula ruralis and the desiccation-intolerant Cratoneuronfidicinum increased markedly during the latter stages of desiccation. ATP content of the mosses during desiccation was not correlated with 02 consumption, but was influenced by the rate at which the mosses lost water. The more rapid the water loss, the more ATP that was present in the dry mosses. The pattern of 02 consumption on rehydration also was influenced by the previous rate of desiccation. After rapid desiccation of T. ruralis 02 consumption upon rehydration was considerably elevated, and for up to 24 hours. After very slow desiccation the elevation was small and brief. Normal 02 consumption did not occur in C. fdhicwum after rapid desiccation, but did so within a few hours of rehydration after slower speeds of drying. ATP levels in T. rralis returned to normal within 5 to 10 minutes of rehydration. In C. fiicinum, increases in ATP were closely correlated with 02 consumption. These observations are considered to be related to differential damage caused to mitochondria and to cellular integrity by different speeds of water loss. The desiccationtolerant moss appears to be able to repair the severe damage imposed by rapid desiccation whereas the desiccation-intolerant moss cannot.
rapid desiccation whereas the desiccation-intolerant moss cannot.
Upon rehydration after desiccation, respiration by desiccationtolerant lower plants characteristically is stimulated above normal (3, 24) . This respiratory burst (or resaturation respiration [23] ) has been reported in bryophytes (6, 8, 16, 27) , ferns (20, 25) , and lichens (10, (21) (22) (23) . It has been observed that sometimes this burst is more pronounced in species less tolerant of desiccation (8, 23) . Also, the magnitude of the burst is related to the severity and duration of the desiccation period (9, 16, 23) . For example, in a desiccation-tolerant lichen, a respiratory burst on rehydration occurs only after the thallus has dried below 50%o water content (23) .
Perhaps more meaningful than measurements of respiration during desiccation and rehydration are measurements of ATP, or of energy charge. However, only two studies have been made of the effects of desiccation and rehydration upon ATP synthesis in tolerant and intolerant lower plants (4, 14) . In one (14) it was proposed that the ability of tolerant plants to withstand desiccation depends upon the maintenance of a high level of compounds ' Work supported by National Research Council of Canada Grant A6352 and appropriations from the University of Calgary Research Grants Committee. 2 Present address: Department of Biological Sciences, Stanford University, Stanford, California 94305. 3Addressee for reprints. containing "energy-rich macroerg bonds" (i.e. ATP) during drying. In the second study (4) , it was suggested that tolerance of desiccation may not depend so much upon the maintenance of high ATP levels during drying, but rather upon the ability to resume ATP synthesis rapidly on rehydration.
Generally there has been a lack of attention to the relationships between respiration and ATP synthesis under any conditions of water stress and upon relief of them. In this paper, results are presented on the correlation between 02 uptake, CO2 evolution, and ATP levels during desiccation in a desiccation-tolerant moss, Tortula ruralis, and a desiccation-intolerant moss, Cratoneuron filicinum. The consequences of different rates of desiccation were tested, since there is evidence that rate of water loss has a profound influence upon the recovery of metabolism and ofcellular integrity when these mosses subsequently are rehydrated (5, 7, 13, 19) .
MATERIALS AND METHODS
The collection and preparation of the gametophytes of T. ruralis ([Hedw.] Gaertn., Meyer, and Scherb.) and C. filicinum ([Hedw.] Spruce) (formally misidentified as Hygrohypnum luridum [Hedw.] Jenn.) have been described elsewhere (1, 2). Moss pieces were subjected to three different drying regimes: (a) rapid drying in Petri dishes over silica gel; (b) slow drying in desiccators over a saturated solution of ammonium nitrate (65% RH); or (c) very slow drying in Gilson respirometry flasks over 4 ml of 25% (w/v) NaOH or over 20 ml Pardee buffer (19 20 ,000g for 15 min and the supernatant diluted to a constant assayable volume. For ATP assay by the firefly luciferin-luciferinase enzyme technique small borosilicate glass vials were placed inside glass scintillation vials and cooled to 4 C. Into the vials were pipetted 0.9 ml distilled H20 and 0.1 ml firefly extract (Sigma FLE-250 prepared according to manufacturer's instructions and filtered through Whatman No. I filter paper after standing overnight). One-tenth ml of the assay sample was injected from a syringe, with force, into a vial which was lowered immediately into the counting chamber of a Packard 3320 scintillation counter (low energy tritium setting, counting in both A-B channels with the discriminator set at 50-1000, 52% gain and coincidence switch off) for a 6-s counting. Background luminescence values were subtracted and ATP concentration was determined using standard ATP solutions of 1 to 15 pmol/0. 1 ml solution. 4 to 5 h (Fig. 1, 0 ) or 7 to 8 h (Fig. 1, 0) for T. ruralis, and within 8 to 9 h for C. filicinum (Fig. 2) . Thereafter 02 consumption increased markedly until the mosses were almost dry (20 to 25% of original fresh weight), and as they finally dried out (to 17% of original fresh weight) 02 consumption was reduced to zero. In a subsequent experiment, for which the data are not presented, the 02 consumption by six samples of each moss was followed during desiccation. These samples of T. ruralis and C. filicinum took between 7 and 10 h, and 8 and 12 h, respectively, to dry out. All of them exhibited a burst of similar magnitude and at the same stage of drying as those shown in Figures I and 2 . Complete drying in less than 7 or 8 h was not possible over 25% NaOH. More rapid desiccation techniques did not yield satisfactory results, either because drying was too rapid to allow for equilibration of the Gilson flasks in the respirometer, or because the desiccant itself (e.g. silica gel) adsorbed gases.
The evolution of CO2 in darkness during desiccation in a dry or a partially water-saturated atmosphere was followed (Fig. 3) . Undesiccated samples of T. ruralis and C. filicinum placed in a darkened chamber evolved CO2 at a rate of about 0.75 ,ld (mg dry weight)-'h-'. During desiccation at very slow rates, CO2 evolution declined steadily to zero evolution by the dry moss (Fig. 3) (Fig. 5) . Control rates were regained within 9 to 12 h. After very slow desiccation the increase was barely significant and lasted, at most, for only a few hours (Fig. 5) .
We determined at which stage during desiccation of T. ruralis the rate of water loss most greatly affected the induction of elevated 02 consumption on subsequent rehydration. This was achieved by rapidly drying separate 100-mg samples of the moss to various water contents, rehydrating them, and comparing sub- sequent rates of 02 consumption with that by the undesiccated moss, and by that dried rapidly to air dry weight (Table I) . No increase in 02 consumption occurred on subsequent rehydration until the moss had lost water down to 26 to 30%o of its original fresh weight. With further desiccation the increase was greater and more prolonged.
CO2 evolution by T ruralis on rehydration after rapid desiccation was monitored (Fig. 6 ). During the time of peak 02 consumption (ie. after 1-3 h from the start of rewetting) CO2 evolu- (Fig. 3) .
After rapid desiccation C. filicinum failed to recover its capacity to consume 02, and only low levels were recorded for the first 10 h after rehydration (Fig. 7) . Similarly, CO2 evolution on rehydration was less than 10%lo of that of undesiccated controls (data not presented). Following both slow and very slow desiccation 02 consumption was elevated above undesiccated control levels, but not greatly, nor for longer than 6 h.
It has been suggested (12) that contaminating microorganisms could account for some, or all, of the apparent 02 consumption by rehydrated mosses, particularly after longer times. We have not found this to be so for T. ruralis. Thorough washing of the cut moss pieces with sterile distilled H20 prior to use in experiments removed most contaminants, as determined by plating and counting colonies grown on bovine heart infusion (bacteria) or potato dextrose agar (fungi). 02 uptake by control mosses, and by that rehydrated for 24 h after rapid desiccation (the harshest drying regime which causes most leakage of solutes from the cells [7] ) was measured in the presence or absence of antibiotics (50-500 IU ml-, penicillin-streptomycin). Although these eliminated all residual contamination they had no effect upon 02 exchange by T. ruralis. In C. filicinum, particularly following rapid drying, antibiotics were necessary to distinguish between plant respiration and that of an ever-expanding population of microorganisms (19) .
Changes in ATP Content during Rehydration. Within 30 min of rewetting of T. ruralis after rapid, slow, or very slow desiccation, control levels of ATP were regained (Fig. 8A) . In fact, after slow and very slow desiccation they were regained within 5 min. In some experiments, we have found that after rapid desiccation control ATP levels also may be regained within 5 min. After all rates of desiccation, high ATP levels were maintained over a 24-h period, with some fluctuations.
After rapid desiccation of C. filicinum ATP content of the rehydrated moss declined to a low, constant level (Fig. 8B) . In contrast, the ATP levels of rehydrated moss, previously slowly and very slowly desiccated, gradually increased to those ofcontrols over the first 2 h from initial imbibition, and remained there for and C. filicinum (B) following rapid desiccation (1) , slow desiccation (0), and very slow desiccation (0). DISCUSSION In drought-sensitive vegetative tissues of higher plants mild to moderate water stresses may induce an increase, a decrease, or have no effect upon respiration (17) . At moderate to severe levels of water stress, respiration in sensitive and tolerant tissues generally declines, although it may be more persistent in more tolerant tissues. 02 consumption declines steadily with increasing desiccation stress in desiccation-tolerant Polypodium polypodioides (25) , Myrothamnusflabellifolia (15) , Neckera crispa (14) , and Stratonostoc commune (14) . The large increase in 02 consumption observed during the late stages of desiccation of both T ruralis and C. filicinum (i.e. after 75-80o loss of fresh weight) has not been reported elsewhere. An increase has been reported to occur during the early stages of water loss from the desiccation-sensitive moss Atrichum undulatum and Plagiochasma asplenioides (14) , but in the same study no increase was detected in 02 consumption by a desiccation-tolerant moss and a tolerant blue-green alga during drying. The reasons for the differences in patterns of 02 consumption by the different species are not readily apparent. They may be inherent, but in some cases differences in techniques used to measure 02 exchange could be responsible. For example, a decline in 02 consumption during late desiccation was reported previously for T. ruralis (16) . There, though, the moss was dried in desiccators at high RH before being transferred to Gilson flasks for 02 exchange measurements over brief time periods after known amounts of water had been lost. In the experiments reported here 02 consumption was monitored continuously and the increase was detected. It has been suggested (14) that a steady decline in 02 consumption during desiccation is characteristic of desiccationtolerant species, and that an increase is indicative of disturbed metabolism during desiccation, which occurs only in desiccationintolerant species. Clearly this suggestion is not supported by the present study.
ATP changes during water loss do not parallel those of 02 consumption. During very slow desiccation of both T. ruralis and C. filicinum there is a gradual decline in ATP content of the mosses, with no increases at the time of elevated 02 consumption.
If 02 uptake during desiccation is indicative of respiratory activity of the mitochondria, then it appears that ATP synthesis becomes more uncoupled as drying proceeds. Presumably, during very slow desiccation, available ATP is utilized in metabolic reactions and is not replenished because mitochondrial activity is restricted by increasing water stress. During more desiccation, where ATP levels are maintained closer to those of undesiccated moss, both ATP-producing and ATP-utilizing systems presumably are affected equally.
Whereas both desiccation-tolerant T. ruralis and desiccationintolerant C. filicinum behave similarly during water loss at all three rates, their responses to subsequent rehydration are quite different in several respects. Recovery of respiration by T. ruralis occurs after all rates of desiccation, although the respiratory burst is greater upon rehydration after faster rates of desiccation. There appears to be little correlation between 02 uptake and ATP content at early times after rehydration, for the amounts of 02 consumed after rapid and very slow desiccation are very different, and for many hours, and yet ATP levels are very similar. It is possible that after rapid desiccation ATP synthesis is largely uncoupled from 02 consumption but still is sufficient to maintain a constant pool size. Indeed, electron microscopy observations on mitochondria in rehydrated moss show that they are considerably swollen and lacking in internal structure (5, 26) . Alternatively, both ATP production and utilization could be higher (and equally so) after rapid desiccation.
The changes in 02 consumption during desiccation and rehydration of T. ruralis may be related to the amount of damage that this moss sustains during these stresses. It is plausible to suggest that the metabolism of this moss on rehydration is more deleteriously affected by prior rapid desiccation than by desiccation at Plant Physiol. Vol. 64, 1979 1
